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Investigation of dimensionality in superconducting NbN thin film
samples with different thicknesses and NbTiN meander nanowire

samples by measuring the upper critical field*
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We study superconducting properties of NbN thin film samples with different thicknesses and an ultra-thin NbTiN
meander nanowire sample. For the ultra-thin samples, we found that the temperature dependence of upper critical field (H,)
in parallel to surface orientation shows bending curvature close to critical temperature 7¢, suggesting a two-dimensional
(2D) nature of the samples. The 2D behavior is further supported by the angular dependence measurements of H, for the
thinnest samples. The temperature dependence of parallel upper critical field for the thick films could be described by a
model based on the anisotropic Ginzburg—Landau theory. Interestingly, the results measured in the field perpendicular to the
film surface orientation show a similar bending curvature but in a much narrow temperature region close to 7; for the ultra-
thin samples. We suggest that this feature could be due to suppression of pair-breaking caused by local in-homogeneity. We
further propose the temperature dependence of perpendicular H., as a measure of uniformity of superconducting ultra-thin
films. For the thick samples, we find that H., shows maxima for both parallel and perpendicular orientations. The H,
peak for the perpendicular orientation is believed to be due to the columnar structure formed during the growth of the thick
films. The presence of columnar structure is confirmed by transmission electron microscopy (TEM). In addition, we have
measured the angular dependence of magneto-resistance, and the results are consistent with the H;, data.
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1. Introduction

Superconducting NbN material is of considerable inter-
est for various kinds of applications. The upper critical field
of this material can exceed 50 T and the transition tempera-
ture T, is above 15 K.['=3 Over the past fifteen years, meander
nanowires made from ultra-thin films show great potential for
single photon detections.[*-%1 The devices are normally current
biased and operate in the region very close to superconducting-
resistive transition. The superconducting nature of the ultra-
thin films or nanowires could affect the device performance
greatly. For instance, the critical fields and critical current de-
pendence on temperature could be substantially different for
ultra-thin films whose dimensionality could be a 2D nature
instead of 3D nature as in the case of bulks or thick films,
depending on the ratio of film size to basic parameters such as
the superconducting coherence length or the penetration depth.
When the film thickness is comparable to the superconducting

coherence length, it leads to the emergence of several inter-
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esting phenomena absent in the bulk form. For example, en-
hanced upper critical field, BKT transition, proximity effect,
and dimensional crossovers have been reported.!’~'°! The ex-
act nature and the visibility of emergent dimensional phenom-
ena below T; depend on the thickness of the films and the co-
herence length normal to the film surface.

In this work, we investigate the dimensionality and
anisotropic properties of superconducting NbN thin film sam-
ples by measuring the upper critical field on samples with dif-
ferent thickness. The NbTiN meander nanowire sample is also
studied. We analyze the temperature dependence data together
with the angular dependence of H; results to study the dimen-
sionality of the samples. For the ultra-thin samples, when mea-
sured in field parallel to film surface orientation, we observe an
upturn curved temperature dependence of H.,, indicating that
the samples are in the 2D regime. This is further supported by
the angular dependence data that show H,; following a 2D an-
gular dependence relation. In the case of field perpendicular to
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the film surface, the linear temperature dependence, expected
from the Ginzburg—Landau theory, is observed in most sam-
ples, except for ultra-thin 4 nm NDbN film and NbTiN nanowire
samples. On the ultra-thin samples, we observe curved tem-
perature dependence of Hy;. We interpret this phenomenon
based on a model considering local in-homogeneity caused
suppression of pair-breaking.?”! Additionally, we also per-
form magneto-resistance measurements as a function of an-
gles between the applied field and film surface on the samples.
The angular dependence of magneto-resistance appears to be
consistent with the H., data. For the thick samples, the par-
allel and perpendicular upper critical field curves crisscross
each other, indicating enhanced H., in the perpendicular ori-
entation. We discuss this effect by considering the columnar

structures observed in the thick films.

2. Experimental details

NbBN thin films of different thickness 4-100 nm were de-
posited on thermally oxidized Si (100) substrates by means
of direct current (DC) reactive magnetron sputtering at room
temperature. The substrates are 10 mmx 10 mm in size and
500 pm in thickness. The base pressure of the deposition
chamber was maintained at a level lower than 5.5 x 108 Pa
before sputtering in the mixture of high purity Ar and N, gas.
The Nb target had a purity of better than 99.95%. Nj gas
flowed into the chamber to a required pressure. After that, high
purity Ar gas (99.999%) was supplied until the required total
pressure was reached. In order to prevent active gas contami-
nation, the Ar gas was supplied through a customized built-in
non-evaporable getter (NEG) purifier before flowing into the
sputtering chamber. The x-ray diffraction (XRD) and x-ray re-
flectivity (XRR) characterization of the thin film samples were
performed to determine the sample quality and film thickness.
For electrical transport measurements, the NbN thin films of
different thicknesses 4 nm, 20 nm, 50 nm, and 100 nm were
patterned into micro-bridges of 20 um width and 1000 pm
length connected with four pads by using photolithography
and reactive ion etching (RIE) based on Ar/SF¢ gas mixture
and lift off process. The NbTiN meander nanowire with 70 nm
width and 500 pm length for single photon detector based on
5 nm thickness film was fabricated by electron beam lithogra-
phy (EBL) process.?!!

Transport measurements were carried out in a Quantum
Design physical properties measurement system (PPMS) with
the highest magnetic field up to 9 T and the lowest temperature
down to 2 K.

3. Results and discussion
3.1. X-ray diffraction

The XRD pattern measured for orientation analysis of the
NbN thin film is given in Fig. 1. The result shows that the
(111) diffraction peak is from the NbN thin film and (100) is
from the silicon (Si) substrate. The film thickness was deter-
mined by XRR measurements and the results are presented in
Fig. 2. The XRR results for different thickness NbN films with
about 0.5 nm surface roughness were deduced from a multi-
layer model by fitting the XRR data.
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Fig. 1. XRD characterization of NbN 100 nm thin film.
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Fig. 2. XRR measurements were performed on NbN films of given
thicknesses. Experimental results (black solid line) of the specimens
were fitted (red short dash) by a multilayer model from bottom to top
with the fitted NbN thicknesses shown.

3.2. Thickness dependence of T’

The resistive transition curves under zero magnetic field
for different thickness micro-bridges measured from 2 K to
300 K are illustrated in Fig. 3(a). The results show that super-
conducting transition temperature 7; decreases with decreas-
ing thickness and the thickness dependence of 7 is shown in
Fig. 3(b).

The suppression of 7. with decreasing thickness in
the superconducting films is in agreement with previous
reports. [10:17:22-25] This fall of T, is a dimensional crossover
phenomenon driven by the strength of the order parameter
fluctuations, which increases with reduced dimensionality.?®]
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Fig. 3. (a) Normalization of resistance as a function of temperature curves
for different micro-bridges at zero fields. Inset: R—T is measured from 2 K
to 300 K. (b) Thickness dependence of the transition temperature. The black
solid symbols are experimental data and the red solid line is to guide the eyes.

3.3. Temperature dependence of H., for different thick-
nesses

Resistive transition R(T,H) curves under different ap-
plied magnetic fields in both the parallel and perpendicular
orientations of the superconducting specimens are displayed
in Fig. 4 for three samples. As expected, the transition curves
shift towards lower temperature with increasing magnetic field
apparently, which do not broaden significantly in both paral-
lel and perpendicular directions for the all given samples. To
evaluate the superconducting behavior, we analyze the tem-
perature dependence of the upper critical field for different
thickness specimens. The upper critical field H., is defined
at half of the residual resistance (R|5 g = residual resistance),
the data are shown in Fig. 5 for three NbN samples and one
NbTiN sample, respectively.

From these results, several features of Hc(f) could be
identified. Firstly, all samples show clearly anisotropy in the
upper critical field. In other words, the difference between
He (t) and Hgy|(7) is substantial. Secondly, the Hey(t)
curves show upturn bent curvatures, especially at temperatures
close to 7¢. This feature is more pronounced for the ultra-thin
samples. In contrast, the H.,, (¢) curves show mostly linear
behavior, except for the very thin ones. Thirdly, for the two
thicker samples (50 nm and 100 nm), the Heo (1) and Hep((2)
curves show crisscross as exhibited in Figs. 5(b) and 5(c).
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Fig. 4. The R-T curves measured in different applied magnetic fields
0, 0.05, 0.1, 0.5, 1, 1.5, 2, 2.5, 3, 35, 4,45, 5, 6, 7, 8, 9 (right to
left, in units of T) for given specimens in both parallel and perpendicu-
lar orientations. By increasing the field, all curves move towards lower
temperatures apparently and do not broaden.

We first discuss the bent curvature of Hyy((¢) for sam-
ples with different thicknesses. This kind of feature has been
widely observed in ultra-thin superconducting films!?0-27-31]
and is explained by the 2D nature of the films when the film
thickness becomes smaller than the superconducting coher-
ence length of the material.®?! Harper and Tinkham have
solved the linearized Ginzburg-Landau equation under the

limit d < & [*3] and obtained

chn(f)zﬁ(l—l)l/2

7, (0) | W

where @ is the flux quantum 2.07 x 1075 wb, t = T/T,, and
d is the thickness of the specimens. The curved behavior of the
parallel upper critical fields follows Eq. (1) as represented with
the blue dash line in Figs. 5(a)-5(c) in the limit d < & which
extracts the 2D behavior in the presented samples. The co-
herence length increases with increasing temperature and di-
verges close to T, the 2D region is more pronounced for ultra
thin samples and moves towards 7; with increasing thickness
as presented in Figs. 5(a)-5(c).
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Fig. 5. The temperature dependent parallel and perpendicular upper critical field diagrams. (a) The upper critical field for ultra thin 4 nm film
and NbTiN 5 nm nanowire. The Hy(r) shows pronounced 2D behavior and is well fitted with 2D GL Eq. (1) as indicated by the blue dash
line. The black open circles and red open squares represent Hy)| (¢) for 4 nm NbN film and NbTiN 5 nm wire, respectively, and the Hy, (1)
dependence shows a similar behavior. The solid triangles illustrate the He,, (¢) data for NbN 4 nm film. (b), (c) The parallel critical field
decreases while the perpendicular upper critical field rises with increasing thickness and the bending curvature moves towards Tc. The Hey| (1)
is explained with AGL interpolation crossover Eq. (2) and the perpendicular upper critical field data exhibit a linear behavior and are well fitted
with Eq. (3). The arrows show f; crossover temperature, and He, () shows crisscross in high thickness samples. The open circles and solid
triangles represent parallel and perpendicular field experimental data, respectively, and are fitted using Egs. (2) and (3) as shown by the red and

green solid lines.

As d starts to increase and becomes comparable or even
larger than the coherence length d > &, the system undergoes
a crossover to a 3D linear region, which is clearly observed
for the thick film samples. Schneider and Locquet have in-
vestigated crossover using the linearized AGL theory!*®! and
obtained an expression for a large temperature region that cov-
ers the crossover
1/2

D 1 d?
0 (1-1). @

~2d8,(0) \ 1-1 - 2 (£.(0))

Hyy) (1)

Here, & (0) and &, (0) represent the parallel and perpendicu-
lar coherence lengths, respectively. Clearly, the equation gives
linear and parabolic temperature dependences of H|| in the
limiting cases of d < & and d >> &, respectively.

The temperature dependence of the perpendicular upper
critical field H., | shows a linear behavior for the thick sam-
ples as predicated by the Ginzburg-Landau theory. However,
we note that the ultra-thin samples and the NbTiN nanowire
sample show slightly upturn curvatures in H,, (¢). The some-
what unexpected results will be discussed in Subsection 3.4.

The linear temperature dependence of the perpendicular
upper critical field is given?®! as

Ho ()= — 0 (1), ®

27 (&)(0))

We may estimate the parallel coherence length by fitting
H., (t) data using Eq. (3) for the thick films as indicated by
the green solid lines in Figs. 5(b) and 5(c). The é\l (0) and d
are then used to fit the Hyy)|(¢) data using Eq. (2), the best fit
Hey)(t) data estimates the &, (0) values. The estimated values
are given in Table 1. The crossover temperatures are marked
as arrows. The values of & (0) in either field direction for our
NbN micro-bridges are comparable to those reported for sim-
ilar width films in literature,?”! which are 6.0-9.4 nm!3#! and

1.6-4.0 nm, 3331 respectively.

Table 1. The parameters, coherence lengths, and 7; defined at half of
residual resistance for given samples.

Sample T./K &(0)/nm &, (0)/nm
NbTiIN 5 nm wire 8.1 6.46
NbN 4 nm 7.9 8.6
NbN 50 nm 12.42 2 5
NbN 100 nm 12.83 2.14

3.4. Nonlinear behavior of H., | for ultra thin samples

Interestingly, the temperature dependence of the perpen-
dicular upper critical field exhibits a bending curvature very
close to 7Tt in ultra thin NbN and NbTiN meander nanowire
samples as shown in Fig. 6. This behavior was also reported
previously.[?0-2839 In Ref. [24], it was suggested that the ob-
served upturn bending in Nb meander nanowire samples could
be due to the dimensional crossover effect when the coherence
length éH becomes larger than the width of the nanowire sam-
ples. Although this is a possible scenario because the coher-
ence length diverges at T, it should only appear at a temper-
ature region very close to 7;. Further, in this case of study,
the width of the NbN samples is 20 um that suggests the di-
mensional crossover effect can hardly be seen. Alternatively,
Nam er al. have investigated the critical field of a supercon-
ducting nanomesh network.!?! They found a similar upturn
curvature in the temperature dependence of the perpendicular
critical field for the samples which were not fully covered by
superconducting grains while a linear behavior was observed
for the fully covered ultra-thin film samples. They suggested
that the local variation in T; led to suppression of pair-breaking
and, hence, enhanced the critical field near 7.

We may use this model to explain our H,,, data for the
ultra-thin samples. In these samples, there could be a local
small variation in 7. Furthermore, when we compare the
4 nm NbN sample to the NbTiN nanowire sample, we note
that the former shows more clear upturn curvature in Hep | (f).
This indicates that the 4 nm NbN sample may have larger lo-
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cal variation in T; than the NbTiN nanowire sample, being in
agreement with the in-field transition data measured on the two
samples, as shown in Figs. 4(b) and 6(a).
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Fig. 6. Temperature dependence of the perpendicular upper critical field
results for the ultra-thin NbN and the NbTiN nanowire samples. Bend-
ing curvature close to T¢ is observed and the red solid lines are the fitted
curves using a (1 —1)” relation.

Empirically, we could fit the H., (¢) data using (1 —¢)”
relation with 7y as a fitting parameter. The perpendicular up-
per critical field data is fitted and indicated with a red solid
line in Figs. 6(a) and 6(b) for the ultra thin NbN and NbTiN
nanowire samples, the best fits give ¥ = 0.8 and 0.9 for these
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two samples, respectively.

Based on the results, we propose that we may use the tem-
perature dependence of H, as a measure of uniformity of
superconducting ultra-thin films. In other words, a linear be-
havior of He | (¢) could be an indication of better quality for
ultra-thin samples.

3.5. Angular dependence of H,

In order to clarify the 2D behavior of the 4 nm thin NbN
film and 5 nm thick NbTiN nanowire samples, angular de-
pendent upper critical field measurements were performed on
these two samples. The measurements were carried out at
fixed temperatures close to 7 and at different angles by sweep-
ing the magnetic field up to 9 T. The results are shown in
Figs. 7(a) and 7(b), where 8 is the angle between the normal
of the sample plane and the direction of the applied magnetic
field. The angles 0° and 90° are defined as perpendicular and
parallel directions to the surface of the samples. We choose the
upper critical field at half of the residual resistance and draw
H. vs. 0 graph. The results are presented in Figs. 7(c) and
7(d).

NbTiN 5 nm (b)
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Fig. 7. Superconducting resistive transition curves under applied magnetic field 0 up to 9 T at different angles for (a) NbN 4 nm at temperature
7.8 K and (b) NbTiN 5 nm at 7.8 K. The upper critical field is defined at half of residual resistance and its angular dependence is shown for
(c) NbN 4 nm and (d) NbTiN 5 nm nanowire. The sharp peak is seen at 6 = 90° for given samples which is fitted with the 2D Tinkham and
3D anisotropic formulas given in Eqgs. (4) and (5) as indicated by the red and blue solid lines, respectively. The black circles represent the
experimental data. The inset shows a zoom-in view of the region around 6 = 90°.
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It is well known that a 2D superconductor and an
anisotropic 3D superconductor show different angular depen-
dences of Hep.373%) In the 2D case, H, (0) follows the 2D
Tinkham model given as

‘chgichs(e) ‘ . (ch(zzjiw)z 1

“)

while in the anisotropic 3D case, the following relation*"! ap-
plies:

(chwvm@)ﬁ(fwm@)% )

Hey HcZH

The key feature that characterizes the difference between the
two cases is the shape of H., (0) around the direction with
the field parallel to the sample surface. The 2D model shows
a cusp-like peak, while the 3D model presents a round maxi-
mum.

In our samples, a cusp like peak is clearly observed at
6 = 90° where the external magnetic field is aligned in paral-
lel to the sample surface, as shown in Fig. 7. The red and blue
solid lines represent fitting results using Egs. (4) and (5) for
2D and 3D systems, respectively. These results suggest that
the ultra-thin NbN and NbTiN nanowire samples are in the 2D
regime as we have discussed in Subsection 3.3.

3.6. Enhanced H,, in thick NbN film samples

As shown in Fig. 5(c), the parallel and perpendicular up-
per critical field curves of the 100 nm NbN sample crisscross
each other at a certain temperature. Below the crisscross, Hey|
is higher than H.; | and above the crisscross point at low tem-
perature, it exhibits the opposite behavior. The similar behav-
ior is also observed for the NbN 50 nm sample. Interestingly,
the crisscross is found to shift toward 7; with increasing thick-
ness. This shift of crisscross can be understood by considering
the much reduced 2D region in the thicker sample.

The existence of the crisscross also indicates that H., |
would show maxima in the angular dependence of the upper
critical field. In Fig. 8(a), we present data for the 100 nm sam-
ple. Indeed, the upper critical field not only shows a peak in
the parallel orientation, but also exhibits maxima in the per-
pendicular direction. In this case, H.p | is even higher than
Hey|.

The enhanced upper critical field in the perpendicular di-
rection has been reported before in NbN films and is related to
the columnar structures formed during the film growth.*>! We
checked microstructure of the 100 nm sample using the trans-
mission electron microscopy (TEM), the results are shown in
Fig. 8(b). From the TEM micrographs, columnar-like struc-
tures along the direction normal to the sample surface can be
seen clearly with a typical size around 5 nm. The presence of

the columnar structures could reduce the mean free path and,
thus, reduce the effective in-plane coherence length, leading to
enhancement of Hy; | .

9 6.3

A (a)
" 6.0 8¢ ™°| ONbBN 100 nm

8r 90 120

He/T
(0]
(0]

L Il L L Il L L
60 120 180

oF

Angle/ ()

Fig. 8. (a) Angular dependence of upper critical field graph for NbN
100 nm is taken at temperature 11.25 K. The upper critical field shows
maxima for both parallel and perpendicular orientations. The Hc, peak
for the perpendicular orientation is believed to be due to the columnar
structures formed during the growth of the thick films. (b) TEM im-
age clearly shows columnar in NbN 100 nm film. The top, middle, and
bottom layers represent the substrate, film, and protection layer, respec-
tively. The red arrow indicates the one typical columnar structure.

3.7. Angular dependence of magneto-resistance

To further investigate the anisotropic properties of the
samples, we carried out angular dependent magneto-resistance
measurements at different temperatures and at fixed field 5 T.
During the measurement, the sample was rotated along the
axis perpendicular to the magnetic field and the current was
also applied in the rotating axis direction. The results are
shown in Fig. 9 for two samples, 4 nm and 100 nm NbN films.
The angular dependence of the magneto-resistance is also ob-
tained for the NbTiN nanowire sample, and the result is similar
to that of the 4 nm NbN sample. The anisotropic magneto re-
sistance (AMR) is observed. Within a full rotation, two min-
ima appear in the AMR data of the 4 nm NbN sample and
four minima are observed for the thick 100 nm NbN sample.
Bearing in mind that the angular dependence of the magneto-
resistance is controlled by the angular variation of H.,, the re-
sults are consistent with the previous temperature and angular
dependent upper critical field data. The extra minima observed
in the 100 nm sample are due to the columnar structure, as we
discussed in the previous subsection.
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Fig. 9. (a), (c) Angular variation of the resistance for NbN 4 nm thin and 100 nm thick films at fixed applied field for different temperatures.

(b), (d) Polar plot of magneto-resistance is observed folding symmetry.

4. Conclusion

Superconducting characteristics of NbN thin films with
different thicknesses have been studied together with NbTiN
meander nanowire samples. Temperature and angular depen-
dences of the upper critical field are measured. The parallel
upper critical field Hep)| shows 2D behavior and is more pro-
nounced for the ultra thin samples. Temperature dependence
of the perpendicular upper critical field for the thick samples
shows a linear behavior while the ultra thin samples exhibit a
bending curvature close to 7;. The bending curvature of Hg, |
is explained by the suppression of orbital pair breaking effect
caused presumably by local in-homogeneity. We suggest that
one may use the temperature dependence of H., | as a possible
way for observing the quality of ultra-thin films. Further, di-
mensional behavior is confirmed by angular dependence of the
upper critical field close to 7; that is well fitted with 2D Tin-
kham model for given samples. For the thick samples, we find
that H.» shows maximum for both parallel and perpendicular
orientations. The H., peak for the perpendicular orientation
is believed to be due to the columnar structures formed dur-
ing the growth of the thick films. The presence of columnar
structures is confirmed by transmission electron microscopy.
Further, we measure the anisotropic magneto-resistance. The
data are consistent with the upper critical field data.
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